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Introduction

- Conventional Concepts of DM

* Dark Matter: 85% of matter,

preponderance of gravitational evidence

.

* Compelling paradigm: DM is composed of massive partic es

E.g. Simplest, best studied: One specie of WIMP with Z, parity, Qpu set by
thermal freezeout of WIMP annihilation to SM states

# Current-day DM is non-relativistic, ¥DM,0 = 0(107°)

» Designs of DM detection experiments -"

* Indirect detection: nearly-at-rest annihilation/decay to SM states

° ° o 2
* Direct detection: small nuclear recoil energy Er ~ E-viy g



IHtTO dUCtiOﬂ: Beyond the “Conventional/Minimal”

+ Status of DM detections:
+ No convincing signal (anomalies: PAMELA, AMS-2, GC 7 excess...)

+ Constraints getting stronger: e.g. LUX, CDMS, FERMI, HESS, LHC...

# Conventional/Minimal thermal WIMP DM € Nature?
1. Yes, just keep looking (e.g. Higgs portal DM...)
2. No, give up WIMPmlracle DM (eg ax10n non-thermal DM)

3. Yes and No: n-mal_r scto DM annihilate into dark
states (decay to SM, stable __secluded from both direct/indirect searches)

* Philosophical considerations:

% SM is non-minimal! Two stable matter components e, p, mass hlerarchy

?’ Non-minimal DM?: Existing explorations of ;  ultl-component D
e.g. mirror DM, atomic DM, double-disk DM...



- A generic phenomena in non-mimimal DM sector...

Boosted Dark Matter

Novel, generic possibility: A small fraction of DM tod%? is

relativistic! from late-time non-thermal processes»Boosted DM!

+ Sources of boosted DM: non-minimal components/symmetries...

+
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+
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DM conversion: ¥;v; — Yrtpe ; Yk, e lighter (e.g. Belanger, Park, 2011)
Semi-annihilation: ¥;v; = Y¥r¢ , Z3 DM symmetry (e.g. D’Eramo, Thaler, 2010)

Self-annihilation: 3 — 2 ,4 — 2 (Carlson, Machacek, Hall 1992, Hochberg et.al 2014)
Decay transition: i = ¥; + ¢ (e.g. inelastic DM)

DM Induced nucleon decay: p+ ¢ — e + ¥ (Davoudias] et.al 2010, Huang,Zhao,2014 )

+ Detection of boosted DM:

4

Impact: reveal novel /non-minimal features of DM sector, in some cases
smoking-gun of DM sector (example later...)

+ Challenge: conventional DM detections unsuitable, new strategies needed! 4



“(In)direct Detection of Boosted DM ™ arxiv: 1405.7370
-A Simple Example, Proof of Concept

Outline (for the rest of the talk)
* Example Model (2-component DM)
* Thermal Relic Abundances, Current-day Annihilation
* Search Strategies for Boosted DM (Experiments, signal, background)
* Detection Prospects at Present/Future Experiments (SuperK, PINGU...)
* Constraints on the Model

+ Conclusions/Outlook



Basic Idea/Assumptions

Consider two species of DM (need not be fermions): ¥4, v¥p, ma > mzp

+ 14 : dominant DM component, no direct (tree-level) coupling to the SM,

thermal relic abundance Qou = ©y, set by thermal annihilation

( W A@ A 7 W B@ B} (“Assisted freezeout”, Belanger, Park, 2011)
-- The same annihilation process in Galactic halo today, non-
relativistic ¢4, produce relativistic ¥5, with Lorentz factor (boost)y = ;4

5

* 1 : sub-dominant DM, small (non-thermal) fraction: (@ boosted DM!

R? VB also isolated from the SM? Then in general Ton # Tsu at Y 4 freeze-out,

Tom, Qpm sensitive to other details beyond 94755 (e.g.reheating, early entropy release...)

=P 5 has appreciable interaction with the SM: maintain key merit of
“WIMP paradigm”, neat prediction Gau — {2pm

+ Offer hope for detectlng dark sector ma]or DM ¢ Acan Well evade detectlons

Dzrect detect1on of boosted le via mdtrect detectlon of ¢A can be

Smokmg gun Of DM sector' 1f @D Bhas small thermal abundance low mass ( = GeV)
6




A Concrete Model Example

Consider two species of Dirac fermion DM: ¥4, g ,m4 > mp, stabilized

by separate symmetries (e.g.Z> x Z> )

je AT
Ew AVBYBY 4, ensure s-wave annihilation of ¥ 4

YA A
to boosted ¥z, UV completion (&= y <

* Contact operator Lint =

- The only (tree-level) interaction
of ¥4 at low E; e e
- Determine 2, , dominant DM

% ¥B charged under a dark

broken U(1), dark photon 7/ Processes for (in)direct detection of
kinetic mixing with SM photon: boosted DM, e.g.:
/5 —%FL’WFW A B

-} ¥ can scatter off terrestrial SM
targets, via neutral-current-like
process ¢pX — g X!

1/A2

5N
]

(GC)



Model parameter space
defined by 6 parameters: {ma, mp, M, A, g’, €}

e A:adjusted to yield the desired DM relic abundance of %4

e Cross-section of ¥5X — ¢5X ") scales homogeneously with ¢" and e
Dominant phenomenology depends on just mass parameters

® Detectability: sutficient large flux of boosted DM, appreciable
scattering rate at detectors,
+ other constraints (more later...)

Focus on low mass DM, with ma > mp > m,

Benchmark scales: ma ~ O(10 GeV), mp ~ O(100 MeV), m., ~ O(10 MeV).



Thermal Relic Abundance, Present-day Annihilation

Annihilation processes (s-wave): Ya¥4 = ¥pg, ¥svp =7

Coupled Boltzmann equations:

dn 4 1 (neq)2

- +3Hny = _§<UAA—>BBU> (7%24 =) (n%)2n23 ,

dTLB 1 e 1 (neq)2

—— +3Hnpg = ——<O'BB_W/,7/U> (7%2]3 - (an)Q) = —<UBB—>AAU> nQB T e% 277&24
dt 2 2 (na')

Ya and ¢¥p effectively decouple when (05,0 > (044,55v)
- easily satisfied, with assumed spectrum m4 > mp > m,,

® In this decoupling limit, ©, takes the standard form of WIMP DM:

5 x 10726 Cmg/S Y5 ma \2 (250 GeV'\*
4 ~0.2 ( Ty ) + (047 pEY) & 5 X 1077 cm?/s (20 GeV) ( A )

® (Qpmore subtle! (y4¢, — ¥pysactive, impactful on Qp, even after ¥4

freezes out (before ¥5) with nearly constant Y4 well above Y;*at late time



“Balanced Freezeout” of ¥n

In the limit of (o85,+v) > (041.55v), Yz approaches asymptotic solution
when a balance reaches between ¥5 annihilation (¥s¥5 —+'7') and

replenishment from ¢av4 — ¥s¥5, i.e. 2 -0 when :  yg conventional
i (V59)2 freezeout criteria:
~(0BByyv) (YE — (Y5")?) = +{044-pBY) (YX = (YQTVYE N

Relic abundance from Qp
24

“Balanced Freezeout”:

4+ Novel relation ofvery different from usual @ < 1/0

4+ Important input for considering constraints on thermal (non-

relativistic) ¥z :
Qp < QU ~ Qpu Wwhenmp < myu and/or (ops_yyv) >(0aisB5Y)

E.g. at benchmark point: ma =20 GeV, mp =200 MeV, m, =20 MeV, ¢ =05, e=10"%

Qg ~ 2.6 X st QpM
10



Detecting Boosted Dark Matter

% Flux of boosted ¥ from GC:

d(I)GC o ETSun Plocal
dQYdEg 4 47 ma

2
dNg
) J(“AZ->B§“>v—>OE

e.g. assuming NFW profile, integrate over 10°cone around GC:

= 55 20 GeV 2
(I) =1L 6 10 8 —2 —1 <O-AA—>BB/U>
6o 2 : (5 x 10726 cm3 /s m A

- Rather small flux! ... Q How to detect it?

(&~ Need: large volume, small background detector, sensitive to
scattering ¥pX — ¢5X") ( X, X': SM states) with energetic ¥B

:;_j“‘g\rg (b Such experiments already exist!! (@ Neutrino/proton decay
W lEiechons e i SuperK IceCube:

and their upgrades/
extensions (HyperK,

PINGU, MICA...)!

11



Detection strategy at neutrino detectors:

Cherenkov light from final state charged particles,
must be energetic enough to cross Cherenkov threshold:

Water: “YCherenkov — 1.51, Ice: “YCherenkov — 1.55

* Scattering processes of atmospheric neutrinos (background to boosted DM):

f \. \
{ vV, \ P
o\ A A +other final states: {t, hadronic inelastic
|I|'|| v, I||'.l /

Neutral current Charged current

|Ees

vV

e Detection channels for boosted DM ¥'B: neutral-current type, no 4~ final state

Leading signal: single ¢~ Subleading: hadronic channels ( p,tot ~ Z—’:%—,mt , but
B for the model with t-channel light S D typically too
small to cross Cherenkov/DIS threshold )

Q)




Kinematics, Rate of ¥se™ — ¢pe™ Scattering at Detectors

’  4-momenta of incoming and outgoing particle (lab frame):

Incident ¥g: p1 = (EB,p), Scattered ¢p: p3s = (Eg,D’),
Initial e: py = (me, 0), Scattered e: py = (Fe,q).

- ® Mono-energetic boosted ¥5 from ¥4 annihilation: Ez = ma

* Maximal energy of scattered e~ by pure kinematics:
(Eg +m.)° + E3 —mjp
“(Eg +me)? — E% +m%

EJ* =m

* Minimum detectable energy of scattered e—:

Er™ = max{E:"*" YoherenkovMe} EX™N: analysis threshold at experiment in consideration

Viable phase space: Emax > gin

< 2 in __ EXID L Tm A
SRl enmsEo il 0OSU i aclonSHa =20l e e B el ey
€ B mpg
* Differential cross-section: peaks at low E. | Recoil Electron Spectrum
- ma=20 GeV
dope-—pe- _ 1 _(ceg’)® 8ERmI+it(t+2s) K& % v
dt 8 (t — m,2y,)2 S, T T é | £=05,e=10" ]
Integrated (assume Ef>" = 100 MeV): j |
sl 1
2 (¢ \? (20 MeV \? :
OBe— —Be— — [P 10_33 Cm2 ( 6_3) (g—> ( : ev) : Eresh E,™ |
1Y v a O 07 05 10 5530 100

8
E, (GeV)



Background and its Rejection Strategies

** Major background from atmospheric neutrinos: i
cosmic ray interacts with the Earth’s atmosphere

® Spectrum peaks ~1 GeV, falls as E-*"at high E

o ve:v,~1:2 (7* cascade decay)

e Leading background for our signal ¥se” — ¢pe™ :

CC scattering v.n — e~ p , with p undetected A

: E,
For O(1 GeV) neutrinos, occ &~ 0.8 x 107°° cm” (GeV)

coc< 0pe-—pe— at benchmark point, but Vatm has much larger flux than boosted DM...

o3 QHOW to separate boosted DM signal from neutrino background?

Discriminants for S vs. B:

1. Angular restriction: Boosted DM has a definite el
direction-the GC, vs. Vatm is nearly isotropic. I S N 0. 9B__ (GO)
-} Impose that detected e™ falls within a cone ¢
with half-opening angle 6, w.r.t. the GC. & Y

c determined by optimizing significance ¢

-

>

/
e
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Discriminants for S vs. B (= Background rejection algorithm)

2. Energy restriction: Boosted DM is mono-energetic (Eg = ma), Vs.
continuous energy of Vatm spectrum.
: , o A ) sy B e
-} A correlation between E. and cosf,: cosf, = ———=]
VG —mp VEe +me

- Typical resolution of neutrino detectors may not be fine
enough to make use of this, low E threshold also needed.

-® The above #1, #2: Favor detectors with excellent angular/E resolution + low threshold.
3. Absence of muon excess: Signal process ¥se” — ¥se™ has no correlated
muon signature,vs. Vatm CC process ven — e”p accompanied by vun — u™p.

4. Multi-ring veto: Signal ¥se~ — ¥pe~ leads to single-ring e~ events only,
vs. Vatm CC process can lead to multi-ring events (e.g. p , 7 Cherenkov rings)

+® The above #3,#4 can also distinguish boosted DM signal from neutrinos from
other BSM models: WIMP DM annihilation in the GC.

5. Solar neutrino/muon veto: solar neutrinos dominate background <20 MeV,
neutrino bkg from muons decaying within detector: 30-50 MeV
=P Impose a cut E. > 100 MeV in our analysis to avoid complications.

15



Detection Prospects at Present/Future Experiments

Candidate experiments: Large volume detectors for neutrino/proton decay
Summary of representative experiments:

Experiment Volume (MTon) EL"™*" (GeV) 0> (degree)

Super-K 2.24 x 102 0.01 Sk

Hyper-K 0.56 0.01 o5

IceCube 10° 100 30°

PINGU 0.5 1 23°(at GeV scale)
(MICA: still speculative)@>__ MICA 5 0.01 30°(at 10 MeV scale)

o Q [ceCube (KM3NeT, ANTARES): larger volume, but e#=thigh, 6z* large

(In our model typically E. S 1 GeV due to light t-channel 7 in param region of interest)

e Future low energy extension of IceCube: E

* ¢4 PINGU: threshold not ideal, but has sensitivity
* ? MICA: low enough threshold, and large volume (still speculative)

> .V. Super-K/Hyper-K: smaller volume, but low E****", excellent 6.

+ Super-K has 10-yr data available!

v,

L.

o C Recent proposals based on large-volume Liquid Ar: LAr TPC, GLACIER,
ionization based, no Cherenkov threshold limit, hadronic channel possible... A



Event Selection

* Our analysis for sensitivity: Cut-and-count based, simple (vs. MVA)

< Impose search cone ¢c to isolate events from GC (reduce bkg by 6% )

Optimum 6¢c determined by maximizing signal significance (~10°, later...)

Also limited by experimental resolution! » Oc = max{10°, 6.7}
< Energy selection: Ideally: adjust E range based on E for given m4 and mgp,
push analysis threshold E** as low as possible.* best sensitivity

Our conservative approach: take the standard Super-K events categories,
without finer energy binning, easy to use existing data...

Fully-contained single-ring ( Sub-GeV: {100 MeV, 1.33 GeV},
electron events at Super-K: Multi-GeV: {1.33 GeV, 100 GeV},

® Use both sub- and multi-GeV categories for Super/Hyper-K and MICA

e PINGU: higher gttt , cannot reconstruct Cherenkov rings, nor separate
e-from M- near threshold + Use only multi-GeV+multi-ring, U- like events

17



Signal Rates

Imposing 6cand energy range requirements, number of signal events:

seignal =4 ACZ_‘A]VtaLrget ((I)GC ®O-Be——>Be_)‘QC
1 10 pWater/Ice‘/eXp 'Sun [ Plocal g
— AR ABBuv/v
2 MH,0 4w\ may (A7 BB >0
27 / 0! /2
do max , doBe— _ Be- / .
X = do’ 0’ s do 027 J(0)O(0- — 0,
/0 27 // i dcosf., J, 2l B ) e )

min

E.g. Number of signal events per year with 5 = 10° , sub-GeV+multi-GeV:

i 2
Nslignal — 9251 year—l <O-AZ—>B§/U> 20 GeV OBe——Be— ‘/exp
AT ' 53 =48 em® s ma 1.2 x 10733 cm? 22.4 x 103 m3

Number of signal events in various experiments (ima-mg plane):

Nevents >10 yr_l (%)Z(L)Z

g|

Nevents >1 yr_l (_

10°F Ir
102§
N
()
O 10k
< E
s
100§ =
s m, =20 MeV /;; mica ]
10_11 L |||||/|///|//|/|/|/|/|A|/// ||7I |7/f/\A/\/fo
1072 107! 10° 10! 10?
mp (GeV)

my (GeV)

1073

10°F - z
10%E
E 4,
: 4
10'E
100§ =
I m,=20 MeV j mica ]
10_11 L |||||/|///|//|/|/|/|/|A|/// ||7I |\/f/\A/\/ffZ
1072 05 10° 10! 10?
mp (GeV)

my (GeV)

Nevents >100 yr_l (g_' (-5

0.5

103 B A e e T

10%E
- *

10'E

109k // / :
- ,// 1
e m, =20 MeV [é mica ]

vo-t b LU 11 argaiie 1 1 TN AR
1072 107! 10° 10! 10

mp (GeV)
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Background Rates, Signal Significance

® Background rates
Atmospheric neutrino background measured by Super-K over 10.7 yrs

all sky

Super-K data: fully contained R T Nowga ™~ _ 726 year™! Vexp
: . AT 22.4 x 103 m3
single-ring 0-decay & all sky 7
. . i bkgd . —1 exp
electron events (all sky): Multi-GeV:  —= 197 year (22. RV m3>
N 1 — 0
Background events inside the search cone 6q: nfg,, = CZOS &
10°
5 : ) . bkgd )
e.g. For 6c = 10° (Super-K): Sub-GeV:  —== = 5.5 year™".
10°
Multi-GeV: Abl;%d = 0.35 year ".
® - - - 8 A 2
Slgnal Slgnlﬁcance° 105 Optimizing Search Angle
90
e N;¢.  Search cone angle |

7 determined b EEa:
\/ Ny iegd Y N &5 o

maximizing Sig”®

ma=20 GeV,mg=0.2 GeV

o[ m, =20 MeV, g'=0.5,e=10"7 ]
o 10 20 30 40 50
0c around GC (Degree)
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Estimated Experimental Reach, Limits

** Impose 20 exclusion limit using SuperK 10-year all-sky data

* Analyze 20 signal reach w/optimal search cone around GC direction,

For fair comparison of different experiments: assume same event
selection, same exposure time as Super-K, + multi-GeV, p-like for PINGU

E.g. Signal sensitivity at experiments, Limits from SuperK (ma-ms plane):

Super—K Limit and Future Prospects Super—K Limit and Future Prospects
3_' |\| T 3:| T T T T
A S OB =50 MeV, g=0.5,e=10 "~
el bl li Light grey lines: model-
: : i dependent limits (to
L el i explain next...)
S 10 ST /A
g I Super—K g i Super—K ]
100 ] Hyper-K 100 E Hyper-K
- PINGU - PINGU
[ MICA [ MICA ]
107! 107! LT
1072 107! 10° 10! 10 1072 10 10?
mp (GeV) mg (GeV)

<% Substantial reach for boosted DM! Super-K already promising 2



Other EXiStng COHStI‘athS-l (model-dependent)

e Limits on dark photon: dark photon searches -} m~ > 010 MeV) and e < 1073
assuming leading decay mode 7' — e"e™, for my Z O(10 MeV) beam-dump
experimentsm € > 107° ;
Our benchmark: m, = 20 MeV and e = 10~3, allowed, and of interest for muon g-2

* Direct detection of (thermal) non-relativistic major DM ¥4 :9¥a can

scatter off nuclei via ¥5 loop, so subject to conventional DM direct detection

at e.g. XENON, LUX, CDMS. Enough suppression from higher-dim operator
vaa¥BYp + loop factor; inelastic splitting may further help

v ® Direct detection of (thermal) non-relativistic{p: large ¢ p-nucleon
scattering cross section oy, 5, = 49 x 107 em? (=)’ ( g )2 (20 MeV>4 (e

10-3/ \ 0.5 My 200 MeV
(1B
scaled down by small abundance (& o%,—5, = Qo BB

- O(GeV): best constraints from CDMSLite, Damic; stringent, inelastic DM helps

- Sub-GeV: our most favored region for signal, can only be constrained by
scattering off electrons, only existing limit: XENON10 (2006 with few electron
trigger) (Essig et.al, 2012) + Constraints are weak (subsumed by CMB heating limit...) 5




Other EXiStng Constraints-Z (model-dependent)

* Indirect detection of (thermal) non-relativistic ¢B :

the annihilation ¥sv¥5 — 7'7' + subsequent decay ' — ete"lead to potential
indirect detection signal (positron, 7-ray). Constraints from AMS-02, Fermi
etc. rather weak: small abundance/ rate, large bkg uncertainties /analysis cut
for sub-GeV, O(GeV) energies. (CMB limit stronger...)

v o CMB constraints on thermal Vs annihilation: with mz < O(1 GeV)  ¢p
annihilation in the early universe is subject to constraints from CMB heating
(Madhavacheril et.al 2012). Bound is imposed on the injection power:

/ (T i) ( Qg )2 Pl s suppressed by m%/m? relative to
— Jeff = Jeff A—-sBB/ _ o ]
lig T the bound for major DM

Sommerfeld enhancement due to light 7 also included (not significant)

pann,va QDM

-} Favors large ma/ms ratio, consistent with optimizing boosted DM signal

e BBN Constraints on thermal ¢¥s annihilation: only hadronic final
states (n,p, ) lead to constraints comparable/stronger bound than CMB,
but not possible for m, of O(10 MeV)

® DM search at colliders: weak, since ¢¥5 interacts w/SM by light mediator
22



Conelusions, Outlook

¢ We presented a novel DM scenario:
v Thermal WIMP paradigm, v Evade conventional DM detection bounds

+ Boosted DM signal, detectable at large volume neutrino/proton

decay experiments (example: a two-component DM model)
¢ Boosted DM: generic in DM scenarios beyond the single WIMP

paradigm (non-minimal components/symmetry, and more...)
Other example: semi-annihilating DM, 3—2 self-annihilating SIMP...

¢ Variation based on the example model: if both Y4and %5 are charged
under U(1), and ma > m, >mp, boosted DM from vav¥4 — 7’7 then v = ¥s¢5;
interesting possibility: fraction decay-} v — SMSM , explain GC7Y-ray excess...

¢ Other Possible Signatures/Phenomenology

® Detecting hadronic final states with: proton tracks, ionization (liquid Ar)
® 4 has non-negligible solar-capture rate *boosted DM from the sun

o [f Y5 (interacts via light 7') is a sizable fraction of DM (asymmetric DM)
* (partially) self-interacting DM (cusp-core, too-big-to-fail?...)
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. : }A “Particle Zoo” for the
~  Dark Matter Sector?

New Phenomenology,

New Search strategies
needed

Boosted DM an example!
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